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The interface when switching from AlAs to GaAs during solid source molecular-beam epitaxial
growth is investigated. The growth conditions for the AlAs layers were kept constant except for the
As overpressure. Using a valved As cracker cell, we varied the V/III flux ratio from ;5.0 to ;25.0.
Cross-sectional transmission electron microscopy, photoluminescence spectroscopy, and reflectivity
measurements from distributed Bragg reflectors indicate that the material quality tends to improve
with increasing dimeric As overpressure. Using secondary ion mass spectroscopy, it is shown that
the rough interfaces are due to oxygen accumulation at the AlAs growth front. It is believed that
arsenic forms an oxide with the oxygen on the AlAs surface, which is subsequently desorbed away
at typical growth temperatures. For samples grown at higher overpressures, there is more arsenic
present to remove the oxygen thereby resulting in a smoother interface © 2000 American Vacuum
Society. @S0734-211X~00!05203-3#I. INTRODUCTION
The fact that AlxGa12xAs is nearly lattice matched to
GaAs for 0,x,1 makes it extremely useful in the engineer-
ing of III–V semiconductor devices. In particular, optical
devices such as Fabry–Perot lasers use different composi-
tions of AlxGa12xAs as the waveguide and cladding layers to
achieve the necessary optical and electrical confinement for
efficient operation. Oxidized AlxGa12xAs is also popular in
optical devices for high Al compositions. Al-based oxides
prepared by the wet oxidation of AlxGa12xAs are often used
as a current aperture in vertical-cavity surface-emitting lasers
~VCSELs! to limit current spreading.1 Furthermore, semi-
conductor-oxide distributed Bragg reflectors used in VC-
SELs take advantage of the large index step between GaAs
and oxidized AlxGa12xAs.2 In this application, the Al con-
tent is usually near 100% to achieve deep lateral oxidation.
However, the inverted interface when switching from
AlxGa12xAs to GaAs is often difficult to keep smooth, espe-
cially for large x, which degrades the mirror reflectivity.
Growth on misoriented substrates,3–6 using superlattices7,8 as
well as using thin GaAs layer inserts6,9,10 during the high
percentage Al layer have been used to alleviate this problem.
In this study, we address the conditions that are necessary
during solid source molecular-beam epitaxial growth to ob-
tain flat AlAs–GaAs interfaces without having to alter the
layer structure with GaAs layers and superlattices or to use
substrates other than ~100!-oriented GaAs.
II. EXPERIMENT
The samples studied here were prepared using solid
source molecular-beam epitaxy with a chamber background
of 7310210 Torr. The group III fluxes were provided by
high purity elemental Ga and Al, where the As overpressure
a!Author to whom correspondence should be addressed; electronic mail:
k-cheng@uiuc.edu1590 J. Vac. Sci. Technol. B 183, MayÕJun 2000 0734-211XÕ200was supplied by elemental As loaded in a valved cracker cell
which allows for easy access to a range of pressures during
growth. The cracking ratio of dimeric to tetrameric arsenic
was determined using a quadrapole mass spectrometer. It
was found that our normal cracking temperature of 1030 °C
corresponded primarily to a dimeric As overpressure with a
beam equivalent pressure ratio of As2 /As4’3.5. To assess
the effect of different As overpressures on the AlAs–GaAs
interfaces, three different types of structures were grown and
characterized. Samples with 500–1000 Å AlAs layers grown
at different As overpressures separated by 500–1000 Å
GaAs layers were used for cross-sectional transmission elec-
tron microscopy ~XTEM! and secondary ion mass spectros-
copy ~SIMS! analysis. Photoluminescence ~PL! measure-
ments using the 5145 Å line of an Ar1 laser in conjunction
with a photomultiplier tube were performed on 100 Å GaAs
quantum wells ~QWs! sandwiched by 1000 Å AlAs barrier
layers. Different QW samples employed AlAs barriers grown
at different As overpressures. Finally, distributed Bragg re-
flectors ~DBRs! made from alternating pairs of GaAs and
AlAs designed for 95% reflectivity in the 0.9–1.0 mm range
were grown. Reflectivity measurements were done on these
samples to evaluate the effect of different As overpressures
on the AlAs constituent layers of the DBRs. Note that none
of the samples grown utilized growth interrupts between the
GaAs and AlAs layers.
Each sample was grown near 590 °C as determined by an
optical pyrometer. The GaAs layers were grown at a constant
As overpressure and growth rate, ;1.0 ML/s, resulting in a
constant V/III flux ratio. However, the AlAs layers were
grown under different As overpressures but at a constant rate
of ;0.6 ML/s. Using an ion gauge in the growth position,
the aluminum and arsenic pressures were recorded and en-
tered in the following equation:1115900Õ183Õ1590Õ4Õ$17.00 ©2000 American Vacuum Society
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to determine the V/III flux ratio for the AlAs layers. Note
that px is the recorded partial pressure for the appropriate
atomic species corrected for the chamber background. The
temperature of the aluminum crucible and the arsenic cracker
are represented by Tx , where the ionization efficiency rela-
tive to nitrogen is given by hAs252.49 and hAl50.971.
11
The atomic mass, represented by M x , was assumed to be
2374.925149.84 for arsenic because our As cracker is op-
erated in a temperature range that is conducive to a predomi-
nance of dimeric arsenic over tetrameric arsenic as men-
tioned above.
Finally, reflection high-energy electron diffraction
~RHEED! patterns were also monitored during growth of the
GaAs and AlAs layers as well as during the transition from
one layer to the next. By keeping track of the RHEED pat-
tern, it was possible to determine the approximate As over-
pressures needed for smooth interfaces.
III. RESULTS AND DISCUSSION
In an effort to obtain the proper growth conditions for
smooth AlAs–GaAs interfaces, a stack of alternating layers
of GaAs and AlAs was deposited for XTEM analysis and the
RHEED pattern was monitored during growth. The dark-
field XTEM micrograph displayed in Fig. 1 shows three
AlAs layers depicted as bright bands. The first layer was
subjected to a V/III flux ratio of ;5.0 resulting in an average
estimated vertical roughness of 640 Å. By decreasing the
V/III flux ratio, the next two layers became rougher with an
average estimated vertical roughness of 655 and 665 Å,
respectively. Furthermore, these results are supported by the
RHEED patterns observed during growth. For the AlAs layer
grown with R’5.0, the sample initially had the expected
streaky ~231! reconstruction along the @110# direction,12 but
then degraded by first losing the 1/2-order diffraction streaks
FIG. 1. Shown here is a dark-field XTEM micrograph of a sample with AlAs
layers grown at different As overpressures sandwiched by GaAs layers. The
three bright bands are the AlAs layers ~a fourth layer is not shown!. The first
AlAs layer was deposited with R’5.0 resulting in an average estimated
vertical roughness of 640 Å. The subsequent AlAs layers were grown at
lower V/III flux ratios resulting in even rougher interfaces.JVST B - Microelectronics and Nanometer Structuresand then became segmented indicating a roughened growth
front. It was found during the growth of the subsequent two
layers that the further the V/III ratio was below ;5.0, the
sooner the AlAs layer would deviate from a flat two-
dimensional growth front. This thickness dependent degrada-
tion effect has been observed previously7,10 and has been
attributed to oxygen accumulation and incorporation during
the growth of AlxGa12xAs compounds.6,7,10 It is believed
that aluminum is substantially more reactive with
oxygen7,8,13 resulting in poor AlxGa12xAs–GaAs interfaces,
where obtaining good GaAs–AlxGa12xAs interfaces is not
necessarily a problem. Finally, an estimate of the minimum
necessary V/III flux ratio for interfaces with roughness below
640 Å was determined on a separate sample. In this case,
the RHEED pattern indicated a ~231! reconstruction along
the @110# direction with elongated streaks during the entire
1000 Å AlAs layer for As overpressures corresponding to a
V/III flux ratio of approximately 13.0.
To ensure that the roughness does not increase with the
number of periods of a DBR structure as was seen by Wang
et al.,5 samples with 10 AlAs–GaAs pairs were grown where
the AlAs layers were deposited according to V/III flux ratios
of 5.0, 18.1, and 25.3. Figure 2~a! is the dark-field XTEM
micrograph of the first three pairs of the sample grown with
a V/III flux ratio of 5.0, where Fig. 2~b! is that of the last
three pairs of the sample grown with a V/III flux ratio of
18.1. As can clearly be seen, the sample with the V/III flux
ratio of 18.1 has no perceptible interface roughness, even
after ten pairs. The other sample, however, displays rough-
ness after the first AlAs layer as expected from the results of
Fig. 1. The sample grown with a V/III flux ratio of 25.3 ~not
shown! seems to display some roughness at the AlAs–GaAs
interfaces. The roughness scale for this sample is definitely
less than that of the sample grown with R55.0, but does not
appear to be as smooth as the sample grown with R518.1.
This indicates that there exists an upper limit to the As over-
pressure that can be used for smooth AlAs–GaAs interfaces.
Structurally, we have demonstrated that smooth AlAs–
GaAs interfaces are attainable if the AlAs layer is grown
under As overpressures that correspond to V/III flux ratios in
the 13.0–18.0 range. However, the optical properties of
structures grown with these conditions also need to be inves-
tigated. Figure 3 is the 77 K PL spectra of two different
FIG. 2. Dark-field XTEM micrographs of ten pair stacks of AlAs–GaAs
with the AlAs deposited according to ~a! R55.0 and ~b! R518.1. Only the
first three pairs of AlAs–GaAs are shown in ~a! where the AlAs upper
interfaces display an average estimated vertical roughness of 640 Å. The
last three pairs displayed in ~b! have no perceptible interface roughness.
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surrounded by 1000 Å AlAs barriers grown at different As
overpressures. It can be seen that the optical quality of the
QW is improved when its AlAs barriers are subjected to a
higher As overpressure during growth. As a result, the full
width at half maximum ~FWHM! is 5.9 meV compared to
that of 20.1 meV, and the PL intensity is nearly double. The
FWHM and PL intensity results are consistent with XTEM
and RHEED data and suggest that the QW with AlAs barri-
ers grown at a relatively high As overpressure has flat inter-
faces and, consequently, good PL characteristics. Note that
the shift in PL wavelength is due to an unintentional thick-
ness difference between samples.
In addition, two DBR structures designed for 95% reflec-
tivity in the 0.9–1.0 mm range were prepared. The AlAs
layers of the first sample were grown with a V/III flux ratio
of ;5.0, where the AlAs layers of the second sample were
deposited according to R’18.0. The reflectivity spectrum of
the DBRs was measured by a spectrophotometer at a near-
normal incident angle of 7°. The reflectivity data were ob-
tained by comparing the reflection from the DBR sample to
the reference beam in a double-beam configuration. It was
found that the sample with the AlAs layers grown at the
lower V/III flux ratio produced a maximum reflectivity of
only ;78%, where the other DBR achieved the designed
maximum reflectivity of 95% as seen in Fig. 4. The differ-
ence in maximum reflectivity for the two DBR structures is
due to interface roughness as can be deduced from the
XTEM micrographs of Fig. 2 for samples grown under simi-
lar As overpressures. Two more DBR structures were grown
with AlAs V/III flux ratios of ;21 and 25. They too had
maximum reflectivities near the design maximum of 95%
indicating a saturation in the trend of improved interface
roughness with increased As overpressure. This also implies
that the observed minute roughness of the sample grown
with R525.3 discussed in reference to Fig. 2 was not sig-
nificant enough to affect DBR performance. Nevertheless,
the mere existence of this roughness suggests that this trend
FIG. 3. 77 K PL spectra of two 100 Å GaAs QW samples. The QW with
AlAs barriers grown at a high V/III flux value ~solid line! has superior
optical characteristics to that of the QW with AlAs barriers grown at a low
V/III flux value ~dashed line!.J. Vac. Sci. Technol. B, Vol. 18, No. 3, MayÕJun 2000saturation may not apply to even higher V/III flux ratios.
Figure 5 is a SIMS trace of the sample studied in Fig. 1. A
Cs1 beam was used to sputter the sample and Al, Ga, As, O,
and C were the detected species. The background pressure of
the SIMS sample chamber is typically 2310210 Torr. No
significant carbon signal was detected throughout the
sample, however, oxygen was detected primarily at the upper
interfaces of the AlAs layers. The lower trace in Fig. 5 cor-
responds to the oxygen signal divided by the arsenic signal.
Here, the arsenic signal is used as a reference, because the
concentration of the group-V atom in binary III–V crystals is
constant. The observed arsenic signal is oscillatory due to the
matrix effect when sputtering through alternating layers of
GaAs ~troughs! and AlAs ~peaks!. This process of dividing
the oxygen signal by the arsenic signal was done to empha-
size the trend of the oxygen content at the interfaces of this
sample. As seen in the upper trace, the peak-to-valley ratio of
FIG. 4. Reflectivity spectrum of two AlAs–GaAs DBRs designed for a
maximum reflectivity of 95% in the 0.9–1.0 mm range. A DBR with R
’5 during the AlAs layers resulted in a maximum reflectivity of only 78%.
By growing a second DBR with R’18 during the AlAs layers, the target
reflectivity of 95% was achieved.
FIG. 5. SIMS trace of the oxygen signal from the sample in Fig. 1 divided by
the arsenic signal which is being used as a reference. Each sharp peak
corresponds to oxygen accumulation at the upper interface of the AlAs
layers. The AlAs layers closer to the substrate were grown at higher V/III
flux ratios resulting in less oxygen accumulation.
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tures that would generate the spikes seen in the lower trace.
Furthermore, Al/As and Ga/As traces do not show any
spikes. Finally, the increase in oxygen at the interfaces with
decreasing V/III flux ratio as seen in Fig. 5 is consistent with
the RHEED, XTEM, PL, and reflectivity data presented
herein as well as being consistent with observations made by
others6,7,10 as discussed above. Therefore, it is clear that oxy-
gen accumulation is a significant effect in the presence of
aluminum thereby resulting in roughened AlAs–GaAs inter-
faces. One possible source of the oxygen is thought to be
from the aluminum charge itself.6
It is believed that by growing the AlAs layers with V/III
flux ratios much greater than unity provides enough excess
arsenic to briefly form an arsenic oxide which is quickly
desorbed at typical growth temperatures allowing for smooth
AlAs–GaAs interfaces as seen in Fig. 2~b!. This is similar to
the mechanism believed to result in smooth AlAs–GaAs in-
terfaces when thin GaAs inserts are grown during AlAs
layers.6,9,10 In this case, it has been proposed that the gallium
atoms form an oxide with the surface riding oxygen only to
be desorbed away.10 By using elevated As overpressures,
however, the layer structure does not have to be altered to
obtain good interfaces.
IV. SUMMARY
We have demonstrated that by using relatively high As
overpressures during AlAs growth, smooth AlAs–GaAs in-
terfaces are readily obtained. Specifically, it was found that
V/III flux ratios in the 13.0–18.0 range during AlAs layer
deposition produce sharp interfaces as evidenced by XTEM.
PL and DBR reflectivities also benefit from this approach.
By using SIMS, we have shown that the interface roughness
is due to oxygen accumulation during Al-based epitaxy asJVST B - Microelectronics and Nanometer Structuresshown by other authors. We propose that AlAs growth with
large V/III flux ratios improves this interface roughness by
forming an arsenic oxide with the surface riding oxygen and
excess arsenic which is subsequently desorbed, thereby re-
moving the oxygen.
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